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(57) ABSTRACT

A moving body with a tilt angle estimating mechanism
capable of estimating a tilt angle of a vehicle body with high
accuracy. The moving body includes: an acceleration sensor
for detecting an acceleration 1n two axial directions; a gyro
sensor for detecting an angular velocity of a vehicle body; and
a tilt angle estimating mechanism for estimating a tilt angle of
the vehicle body. The tilt angle estimating mechanism
includes: a device for estimating a tilt angle 1n response to the
acceleration sensor based on the acceleration detected by the
acceleration sensor; a device for estimating a second tilt angle
based on the angular velocity detected by the gyro sensor; and
a device for estimating a t1lt angle with a linear model equa-
tion of the moving body being regarded as an observer, 1n
accordance with the tilt angle based on the acceleration sen-
sor and the tilt angle based on the gyro sensor.

6 Claims, 4 Drawing Sheets
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MOVING BODY WITH TILT ANGLE
ESTIMATING MECHANISM

This 1s a 371 national phase application of PCT/JP2007/
069404 filed 27 Sep. 2007, claiming priority to Japanese
Patent Application No. JP 2006-273622 filed 5 Oct. 2006, the

contents of which are incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to a moving body with a tlt
angle estimating mechanism, and more particularly, to an
iverted two-wheeled vehicle with a tilt angle estimating
mechanism.

BACKGROUND ART

For a moving body such as an inverted two-wheeled
vehicle, 1t 1s necessary to estimate a tilt angle with high
accuracy in order to maintain an inverted posture. Not only
tor the two-wheeled type vehicle but also for a walking type
moving body or a caterpillar-driven moving body, the estima-
tion of the tilt angle with high accuracy 1s required.

Conventionally, mechanisms for estimating a tilt angle
include a system using a gyro (angular velocity) sensor and a
system using an acceleration sensor. In the system using a
gyro sensor, a tilt angle 1s obtained by integrating an output
signal of the gyro sensor. However, an offset noise 1s origi-
nally superimposed on the output signal of the gyro sensor, so
there 1s a problem in that a deviation from a true value 1s
gradually increased.

In the system using an acceleration sensor, the tilt angle 1s
calculated using a geometric relation obtained by a two or
more axial acceleration sensor. According to the system, the
t1lt angle 1s calculated from values of a biaxial gravity accel-
eration, so there 1s a problem 1n that the estimation accuracy
1s degraded unless the estimation 1s carried out 1n a static state.
In particular, when the moving body 1s accelerated/deceler-
ated, a component generated by the acceleration/deceleration
1s superimposed as noise on the biaxial acceleration sensor.

Further, there 1s also proposed a system for estimating a tilt
angle by an autonomous inertia navigation system (INS)
using a gyro sensor and a triaxial acceleration sensor. How-
ever, the problem of the offset noise 1n the gyro sensor and the
problem of the noise caused by the acceleration/deceleration
of the acceleration sensor as described above are still
unsolved.

Note that Patent Document 1 discloses a technique for
using a gyro sensor and an accelerometer to be switched for
cach frequency band. However, the technique 1s not relevant
to the moving body with a tilt angle estimating mechanism.

| Patent Document 1] Japanese Unexamined Patent Applica-
tion Publication No. 4-346021

DISCLOSURE OF THE INVENTION

Problems to be Solved by the Invention

As described above, the use of a gyro sensor or an accel-
eration sensor enables obtainment of a tilt angle of a vehicle
body, but the accuracy thereof 1s a problem.

The present invention has been made to solve the above-
mentioned problem, and 1t 1s an object of the present mnven-
tion to provide a moving body with a tilt angle estimating,
mechanism capable of estimating a tilt angle of a vehicle body
with high accuracy.
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Means for Solving the Problems

A moving body according to the present invention
includes: an acceleration sensor for detecting an acceleration
in two axial directions; a gyro sensor for detecting an angular
velocity of a vehicle body; and a tilt angle estimating mecha-
nism for estimating a tilt angle of the vehicle body, 1n which
the t1lt angle estimating mechanism includes: means for esti-
mating a first tilt angle based on the acceleration detected by
the acceleration sensor; means for estimating a second tilt
angle based on the angular velocity detected by the gyro
sensor according to a linear model equation of the moving,
body; and means for estimating a tilt angle by executing
teedback control so that the second tilt angle follows the first
t1lt angle with the first tilt angle being set as a reference value
for an observer.

Here, 1t 1s desirable that the tilt angle estimating mecha-
nism include setting means for setting an observer gain K for
adjusting the effect of the first tilt angle, to an arbitrary value.

Further, the setting means may set the observer gain K to a
small value when the moving body 1s 1n a longitudinal accel-
eration state.

In addition, 1t 1s desirable that the setting means set the
observer gain K according to a failure condition of each of the
acceleration sensor and the gyro sensor.

Further, a low-pass filter may be provided 1n a subsequent
stage of the acceleration sensor.

A moving body according to a preferred embodiment of the
present invention 1s an mverted two-wheeled vehicle.

Advantageous Effects of the Invention

According to the present invention, 1t 1s possible to provide
a moving body with a tilt angle estimating mechanism
capable of estimating a tilt angle of a vehicle body with high
accuracy.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram for explaiming a sensor coordinate
system of a moving body according to an embodiment of the
present invention.

FIG. 2 1s a block diagram showing a method of estimating,
a t1lt angle of a moving body according to the embodiment of
the present invention.

FIG. 3 1s a flowchart showing the method of estimating a
t1lt angle of a moving body according to the embodiment of
the present invention.

FIG. 4 1s a flowchart showing the method of estimating a
t1lt angle of a moving body according to the embodiment of
the present invention.

DESCRIPTION OF REFERENCE NUMERALS

1 VEHICLE BODY
2 WHEEL
10 MOVING BODY

BEST MODES FOR CARRYING OUT THE
INVENTION

FIG. 1 shows a sensor coordinate system of a moving body
with a tilt angle estimating mechanism according to the
present invention. As shown in FIG. 1, the moving body 10
includes a vehicle body 1 and a wheel 2 fixed to the vehicle
body 1 through a drive mechanism which 1s not shown.
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An axis which 1s orthogonal to a forward direction (that 1s,
moving direction, pitch direction) of the moving body 10 and
which extends 1n a substantially horizontal direction (that 1s,
rolling direction) 1s set as an X-axis, the forward direction
(that 1s, moving direction, pitch direction) of the moving body
10 1s set as a Y-axis, and a vertical direction thereof 1s set as a
Z-axis. In this example, an angle formed between a line
connecting the vehicle body 1 and a rotation center of the
wheel 2, and the Z-axis 1s set as a tilt angle of a vehicle body.

The moving body 10 includes an acceleration sensor for
measuring accelerations 1n a Y-axis direction and a Z-axis
direction, and a low-pass filter which 1s provided 1n a subse-
quent stage thereof and which has a low cutofl frequency.
Based on accelerations u(1 ) and u(2) which are detected 1in the
Y-axis direction and the Z-axis direction, respectively, by
those two acceleration sensors, a tilt angle of a vehicle body
(that 1s, pitch angle) n can be obtained according to the
following equation.

m=tan™" (u(1)/u(2)) (1)

Further, the moving body 10 includes a single-axis gyro
sensor (angular velocity sensor) for measuring an angular
velocity i an X-axis direction. Furthermore, 1n the moving,
body 10, a t1lt angle estimating mechamsm for inputting a
detection signal of each of the acceleration sensor and the
gyro sensor and a control signal to estimate (calculate) the tilt
angle of the vehicle body 1s implemented by a computer.

The t1lt angle estimating mechanism includes: means for
estimating a tilt angle based on the acceleration detected by
the acceleration sensor; means for estimating a tilt angle
based on the angular velocity detected by the gyro sensor; and
means for estimating a tilt angle 1n accordance with the tilt
angle based on the acceleration sensor and the tilt angle based
on the gyro sensor, with a linear model equation of the mov-
ing body being regarded as an observer. In this case, the
means for estimating the tilt angle performs estimation by
setting the t1lt angle based on the gyro sensor as a reference
value for the observer and by performing feedback so that an
estimated value follows the tilt angle based on the gyro sen-
SOF.

FIG. 2 1s a block diagram for explaining processing for
estimating a tilt angle according to the present invention. As
shown 1n the figure, a control signal 1s 1nput to I,, an accel-
eration signal detected 1n the Y-axis direction by an Y-axis
acceleration sensor 1s input to I,, an acceleration signal
detected 1n the Z-axis direction by a Z-axis acceleration sen-
sor 1s 1nput to I,, and an angular velocity signal detected by
the single-axis gyro sensor 1s mput to 1.

First, based on the acceleration 1n the Y-axis direction,
which 1s mput to I,, and based on the acceleration in the
Z-axi1s direction, which 1s mput to 15, a t1lt angle of a vehicle
body 1s geometrically calculated according to the above
Equation (1). The accuracy of the tilt angle calculated here 1s
high with respect to a direct current (DC) component to a low
frequency range but 1s low with respect to a medium to high
frequency range because disturbance 1s applied to the accel-
eration sensor during a motion involving acceleration/decel-
eration.

Next, the control signal, the calculated tilt angle of the
vehicle body, and the angular velocity detected by the gyro
sensor are input. Further, feedback processing 1s performed
by an external force observer to ultimately calculate a tilt
angle, a tilt angular velocity, and an external force to be output
from O,, O,, and O, respectively. Note that, in FIG. 2, an
equation regarding the external force observer, y(n)=Cx(n)+
Du(n), 1s defined as Equation (2), and x(n+1 )=Ax(n)+Bu(n) 1s
defined as Equation (3).
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Next, details of design of the external force observer are
described.

First, linear modeling for the tilt angle of the vehicle body
1s executed. A vehicle body model (equation of motion) of an
inverted two-wheel vehicle can be expressed by the following
equation:

(m P+ +02T, W+ (m pl-n2T, 0-m gin+f.(M-0)=—nu (4)

(m pl-r2 T N+ { (m+m) P +T +12T, VO+£.(6-1)=nu (5)

where 1 represents a tilt angle of a vehicle body; 0: a rotation
angle of a wheel; m,: a mass of a vehicle body; m,: a mass of
a wheel; 1: a distance between a center of gravity of a vehicle
body and an axle; J,: an inertia moment about a center of
gravity of a vehicle body; Jm: an mertia moment of a motor
rotor; Jw: an inertia moment about a rotation axis of a wheel;
n: a gear ratio (motor:wheel=1:n); r: a wheel radius; ir: a
resistance of a drive system; and u: a torque value of a motor.

Of the above Equations (4) and (5), only Equation (4) 1s
taken into consideration because 1t 1s only necessary to carry
out estimation of the tilt angle 1 of the vehicle body 1n the
present invention. Note that Equation (5) 1s used for obtaining
a tilt angular velocity. When the left-hand side of Equation (4)

1s expressed using “n”, Equation (6) 1s obtained as follows.

(m, P+J +1° T, M+fn-m g =—nu—(m rl-n>J, )0+£.0 (6)

The external force observer 1s created using Equation (6) as
a basic model. Here, a 0 term 1n the rnght-hand side of Equa-
tion (6) functions as an external force of the ) equation. In the
present invention, when the 0 term 1s neglected, the estima-
tion error 1s increased. Accordingly, in order to prevent the
estimation error, the external force observer 1s constructed 1n
consideration of an external force 1 as a state quantity.

Next, derivation of the basic model for the external force
observer 1s described. Now, the state quantity 1s defined by the
tollowing Equation (7):

7] (7)

where 1 represents an external force.

When Equation (6) 1s changed to a state equation represen-
tation by using the state quantity represented in Equation (7),
Equations (8) and (9) are obtained as follows:

X = AX + Bu ()
Y = CX (9)
0 1 0
A=|mgl/M —-f./M 1/M
0 0 0
0
B: —H/M
0
1 00
(' =
01 0

M=mP+1 +r°],

where the external force 1 1s set 1n a stepwise manner so as to
obtain a constant value 1n a sample period, and a derivative
value obtained 1n the period 1s set to 0.
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Next, a description 1s given of a method of determining a
gain of the external force observer.

The external force observer can be expressed by the fol-
lowing Equation (10).

[18]8°88//8]8 APX=AX+Bu+K(¥-CX) (10)

X: estimated value
K: observer gain

The observer gain (feedback gain) K represented 1n Equa-
tion (10) 1s set as K1, K2, and K3 for each of a state quantity
1, a 1 dot, and 1. According to the magnitude of the observer
gain K represented 1in Equation (10), an estimated conver-
gence rate 1s determined. That 1s, according to the magnitude
of a pole of the characteristic equation obtained from Equa-
tion (10), the estimated convergence rate 1s determined.

Assuming that K=(K1, K2, K3), when K1 1s large, the
estimated convergence rate approaches an estimated value
obtained by the acceleration sensor, and when K2 1s large, the
estimated convergence rate approaches an estimated value
obtained by the gyro sensor. At low frequencies, it 1s deter-
mined that the estimated value obtained by the acceleration
sensor 1s correct, so K2 1s made large. At medium to high
frequencies, K2 1s made large. If an operating frequency can
be estimated 1n advance, K 1s set according to the frequency.

Specifically, K 1s determined by considering a trade-off
between the following cases (A) and (B).

(A) A Case where the Observer Gain K 1s Large (Pole 1s Far
from Real Axis)

In this case, the effect of an observable which 1s an input of
the acceleration sensor 1s 1ncreased. Accordingly, the esti-
mated value 1s determined such that higher priority 1s given to
the observable, with the result that the effect of the basic
model 1s reduced. Thus, the estimated value 1s likely to be
alfected by sensor noise. Further, 1n this case, the estimated
convergence rate becomes higher.

(B) A Case where the Observer Gain K 1s Small (Pole 1s Close
to Real Axis)

In this case, the observable which 1s an input of the accel-
eration sensor 1s greatly smoothed. In other words, the effect
ol the observable 1s reduced. Accordingly, the estimated value
basically follows the basic model. As a result, the estimated
value 1s hardly affected by the sensor noise. Further, in this
case, the estimated convergence rate becomes lower.

The observer gain K 1s set such that the high frequency
component of the tilt angle, which 1s estimated based on the
gyro sensor, 1s output as it 1s and such that the low frequency
range and direct current components are set so as to obtain the
t1lt angle estimated based on the acceleration sensor, whereby
the t1lt angle can be estimated with high accuracy 1n a wide
frequency range from the direct current component to the
high frequency range.

Since the external force observer employed in the present
invention 1s provided so as to estimate the direct current
component of the t1lt angle, there 1s no problem 1f a response
thereot 1s slow. A slower response indicates that noise can be
turther reduced, so the estimation with high accuracy 1is
expected. Further, since the observer which 1s slow 1n
response 1s emploved, the pole 1s set to be relatively close to
the real axis.

In the present invention, as described above, the equation
of motion (model information) corresponding to the tilt angle
1s used as the external force observer. Based on the model
information and the angular velocity detected by the single-
ax1is gyro sensor, the tilt angle 1s estimated with high accuracy
in the medium to high frequency range. Further, 1n the present
invention, the tilt angle estimated based on the biaxial accel-
eration sensor as well as the single-axis gyro sensor 1s set as
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a reference value for the observer, and feedback control 1s
executed so that the estimated value follows the reference
value. As a result, the tilt angle can be estimated with high
accuracy in a wide frequency range from the direct current
component to the high frequency range. Furthermore, the
cifect of noise of the acceleration sensor can be reduced by
approprately setting the observer gain K.

The external force observer of a continuous system as
ultimately designed 1s discretized, thereby making 1t possible
to design the external force observer.

Further, 1n the present invention, the control of the observer
gain K 1s executed by a control mechanism. FIG. 3 shows a
flowchart of the control. First, the control mechanism deter-
mines whether the angular velocity detected by the gyro
sensor or the like 1s within a predetermined range (S101).
Here, the angular velocity 1s set as a reference because it 1s
possible to detect whether the moving body 1s 1n the longitu-
dinal acceleration state. Accordingly, 1n the example shown n
FIG. 3, 1t 1s detected whether the moving body 1s in the
longitudinal acceleration state based on the angular velocity.
However, the present invention 1s not limited thereto, and 1t
may be detected whether the moving body is 1n the longitu-
dinal acceleration state based on another parameter. When
determining that the angular velocity 1s within the predeter-
mined range, the control mechamism does not execute the
control for changing the value of the observer gain K.

Next, when determining that the angular velocity 1s not
within the predetermined range, that 1s, out of the predeter-
mined range, the control mechanism further determines
whether the angular velocity 1s higher than the predetermined
range (S102). As a result of the determination, when deter-
mining that the angular velocity 1s higher than the predeter-
mined range, the control mechanism executes control for
making the value of the observer gain K small (8103). Thus,
the moving body 1s 1n the longitudinal acceleration state and
1s 1n a state where disturbance noise 1s more likely to occur 1n
the acceleration sensor, so the effect on the acceleration sen-
sor can be reduced.

As aresult of the determination, when determining that the
angular velocity 1s not higher than the predetermined range,
that 1s, lower than the predetermined range, the control
mechanism executes control for making the value of the
observer gain K large (S104). Note that the magnitude of the
value of the observer gain K may be controlled by selecting
one of an output value obtained when the estimation process-
ing 1s executed by making the observer gain K small, and an
output value obtained when the estimation processing 1is
executed by making the observer gain K large.

Next, a description 1s given of a failure control for the
sensors. Though the gyro sensor and the acceleration sensor
are provided 1n the present invention, when one of the sensors
1s out of order, control 1s executed such that the tilt angle
estimation 1s not carried out based on the sensor that 1s out of
order, that 1s, such that the tilt angle estimation 1s carried out
based on only the sensor that 1s not out of order.

Specifically, the control mechanism determines whether a
failure such as disconnection or a sensor failure 1s detected by
a watchdog or the like (S201). When determining that the
failure 1s detected, the control mechanism determines
whether the gyro sensor 1s out of order (S202). When deter-
mining that the gyro sensor 1s out of order, the control mecha-
nism estimates the tilt angle of the vehicle body by using the
acceleration sensor that 1s not out of order (5203). Mean-
while, when determining that the gyro sensor 1s not out of
order, the control mechanism determines that the acceleration
sensor 1s out of order (S204). As a result of the determination,
when determining that the acceleration sensor 1s out of order,
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the control mechanism estimates the tilt angle of the vehicle
body by using the gyro sensor that 1s not out of order (S205).
When determiming that the acceleration sensor 1s not out of
order, the control mechanism stops the estimation processing
(S206).

Further, in the present invention, the use of model 1nfor-
mation of the moving body enables improvement of the accu-
racy of estimating the tilt angle. For example, 1n a case where
the t1lt angle 1s smaller than a predetermined value due to
restrictions on the structure of a vehicle, the estimation pro-
cessing 1s executed by limiting the estimated value to the
predetermined value when the estimated value exceeds the
predetermined value, whereby a deviation between the true
value and the estimated value 1s limited. As a result, 1t 1s
possible to prevent degradation of the estimation accuracy.

Note that, 1n the above-mentioned example, the moving
body 10 1s an 1nverted two-wheeled unstable vehicle, but the
present invention 1s not limited thereto. A walking type mov-
ing body or a caterpillar-driven moving body may be
employed. Further, the moving body 10 can be applied to a
boarding-type moving body, amoving body incorporated into
the lower body of a robot, and a moving body that moves
while carrying a load.

INDUSTRIAL APPLICABILITY

The present invention relates to a moving body with a tlt
angle estimating mechamsm, and more particularly, the
present mvention 1s widely applicable to an verted two-
wheeled vehicle with a tilt angle estimating mechanism.

The mvention claimed 1s:

1. A moving body, comprising:

an acceleration sensor for detecting an acceleration 1n two
axial directions;

a gyro sensor for detecting an angular velocity of a vehicle
body; and

a tilt angle estimating mechanism for estimating a tilt angle
of the vehicle body,

wherein the tilt angle estimating mechamism includes:

a device for estimating a first t1lt angle based on the accel-
eration detected by the acceleration sensor;

a device for estimating a second tilt angle based on the
angular velocity detected by the gyro sensor according
to a linear model equation of the moving body; and
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a device for estimating a tilt angle by executing feedback
control so that the second tilt angle follows the first tilt

angle, with the first t1lt angle being set as a reference
value for an observer, wherein the moving body 1s an
iverted two-wheeled vehicle and the feedback control
1s at least in part based on an external force observer that
uses a value of an external force as a state quantity.

2. The moving body according to claim 1, wherein the tilt
angle estimating mechanism includes a setting device for
setting an observer gain K for adjusting an effect of the first
t1lt angle, to an arbitrary value.

3. The moving body according to claim 2, wherein the
setting device sets the observer gain K to a small value when
the moving body 1s 1n a longitudinal acceleration state.

4. The moving body according to claim 2, wherein the
setting device sets the observer gain K according to a failure
condition of each of the acceleration sensor and the gyro
SEeNsor.

5. The moving body according to claim 1, wherein the
acceleration sensor includes a low-pass filter provided 1n a
subsequent stage thereof.

6. A moving body, comprising;:

an acceleration sensor detecting an acceleration in two

axial directions;

a gyro sensor detecting an angular velocity of a vehicle

body; and

a t1lt angle estimating mechanism estimating a tilt angle of

the vehicle body,

wherein the t1lt angle estimating mechanism includes:

a first estimation portion estimating a first tilt angle based

on the acceleration detected by the acceleration sensor;

a second estimation portion estimating a second tilt angle

based on the angular velocity detected by the gyro sensor
according to a linear model equation of the moving
body; and

a third estimation portion estimating a tilt angle by execut-

ing feedback control so that the second tilt angle follows
the first t1lt angle, with the first tilt angle being set as a
reference value for an observer,

wherein the moving body i1s an mverted two-wheeled

vehicle and the feedback control 1s at least 1n part based
on an external force observer that estimates a value of an
external force as a state quantity.

¥ ¥ # ¥ ¥
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